Expression of the human papillomavirus type 16 E6 and E7 oncogenes initiates and maintains abnormal cell replication, by interacting with the p53 and retinoblastoma (Rb) gene products. Subsequent changes in host cell gene expression, as a consequence of genetic instability, can result in progression to invasive carcinoma. In addition to previously described effects of these viral oncogenes on centrosome synthesis, primarily associated with the expression of E7, the results described herein demonstrate that the E6 oncogene can induce premature chromosome segregation in human cells.
Introduction
Papillomaviruses are small double-stranded DNA viruses, which target epithelial tissues for infection. More than 80 different human papillomavirus (HPV) types have been identified and appropriately 30 of these have been shown to be associated with lesions of the angiogenital tract. Infection with high-risk HPV types, such as HPV-16 and 18, has been associated with over 95% of all cervical malignancies (Zur Hausen, 1991) . Although HPV infection is an early event in cervical carcinogenesis, progression to cancer is a rare consequence, and the time interval between infection and invasive cancer can be several decades. High-risk HPV infected cervical carcinomas, as well as mild to severe dysplasias, are characterized by genomic changes, which do not occur in lesions caused by low-risk HPV types (Giannoudis et al., 2000; Matthews et al., 2000) .
Expression of the high-risk HPV-oncogenes E6 and E7 is sufficient for immortalization of human keratinocytes, the natural host cells for HPV infection (Hawley-Nelson et al., 1989; Munger et al., 1989) . The viral proteins E6 and E7 contribute to immortalization by interfering with key regulatory proteins of the host cell, such as p53 and Rb, respectively (Dyson et al., 1989; Scheffner et al., 1990) . Infection of human keratinocytes with high risk HPV is associated with genomic changes during progression towards immortalization as well as transition to tumorigenesis (Hurlin et al., 1991; Solinas-Toldo et al., 1997) . Interestingly, HPV E6/E7 immortalized cell lines only become tumorigenic after extensive passaging in culture or when induced by carcinogen treatment (Hurlin et al., 1991; Garret et al., 1993) . Although the molecular mechanism by which HPV-E6 and E7 are able to immortalize cells has been studied in detail, the secondary events leading to genomic instability and tumorigenicity are not yet clear.
Numeric aberrations in chromosomes, referred to as aneuploidy, are a common characteristic of human tumors. Aneuploidy may be the result of aberrant mitotic spindle pole formation associated with centrosome abnormalities (van Leeuwen et al., 1995) (reviewed in Pihan and Doxsey, 1999) . That the HPV oncoproteins can induce genomic instability has been clearly documented (White et al., 1994) and numerical or structural centrosome abnormalities have been reported in a wide range of malignant tumors, including HPV-associated squamous cell carcinoma (Duensing et al., 2000) . Recently it has been shown that HPV 16E7 induces abnormal centrosome duplication, resulting in aneuploid cell populations (Duensing et al., 2000 (Duensing et al., , 2001 . Alternatively, aneuploidy can be the result of a failure of the mitotic spindle checkpoint, which has been shown to be abrogated by expression of HPV oncogenes (Thompson et al., 1997; Thomas and Laimins, 1998) . The mitotic spindle checkpoint ensures bipolar alignment of chromosomes during metaphase by delaying sister chromatid segregation until all the spindle attachments are made. The presence of a single, lagging chromosome is sufficient to activate the checkpoint and arrest cells at the metaphase-anaphase transition (reviewed in Skibbens and Hieter, 1998) .
Here we report that premature chromosome segregation is an integral aspect of the interaction of one of the oncogenes of HPV with host cells and that this effect may not be directly related to the degradation of p53 by the E6 oncogene.
Results

Mitotic abnormalities in human keratinocytes expressing HPV 16 E6
Cytological observations of human keratinocytes in culture revealed a surprisingly high percentage of mitotic abnormalities in cells expressing the HPV oncogene 16E6: over 50% of all metaphases showed abnormalities in cells expressing either 16E6 or both 16E6 and E7 (Figure 1 ). In contrast, only 12% of metaphases appeared abnormal in cells expressing the HPV oncogene 16E7 alone. Interestingly, the majority of abnormal metaphases observed in HPV 16E6 expressing keratinocytes were characterized by lagging chromosomes (Figure 2a ). Other metaphase abnormalities included tripolar metaphases, with or without lagging chromosomes, and other multipolar mitotic figures (Figure 2b,c) . Keratinocytes expressing the low risk HPV 16E6 gene showed a very low percentage of mitotic abnormalities, similar to vector-only control cells (1.3%). The occurrence of lagging chromosomes in metaphase due to the expression of HPV 16E6 is not restricted to keratinocytes, 26% of human fibroblast metaphases expressing HPV 16E6 show lagging chromosomes versus 1% in vector-only control cells. Lagging chromosomes are also observed in anaphase in E6-expressing keratinocytes (Figure 2d ). Thus, failure of the mitotic spindle checkpoint due to expression of 16E6 allows untimely progression into anaphase resulting in premature chromosome segregation.
Premature chromosome segregation is not always associated with centrosome abnormalities Mitotic abnormalities are frequently associated with centrosome defects resulting in chromosome missegregration and genomic instability. Centrosomes play an important role in organizing the mitotic spindle during cell division. In normal cells, centrosomes are duplicated only once, and the two resulting centrosomes form the bipolar mitotic spindle (Pihan and Doxsey, 1999) . To further characterize the observed mitotic abnormalities in HPV 16E6 and 16E7-expressing keratinocytes, centrosome numbers were determined by indirect immunofluorescence staining with g-tubulin, a component of the centrosome in all stages of the cell cycle. In all cell types examined, tripolar and multipolar metaphases were always associated with abnormal centrosome numbers (42). In addition, 85% of metaphases with lagging chromosomes in 16E7-expressing keratinocytes show centrosome abnormalities (Figures 3 and 4c,d ). However, in Figure 1 Proportion of cells showing mitotic abnormalities in cells expressing HPV oncogenes. Cells were fixed, stained with DAPI and observed using an inverted fluorescence microscope. A minimum of 500 metaphases were analysed for mitotic abnormalities for each cell line. Each experiment was repeated using keratinocytes from different donors Loss or inactivation of the tumor suppressor gene p53 is associated with an aberrant mitotic spindle checkpoint: p53 deficient cells show abnormal centrosome amplification followed by unequal segregation of the chromosomes during mitosis (Fukasawa et al., 1996) . HPV 16 E6 binds to p53 and targets it for ubiquitin-mediated degradation, resulting in very low p53 protein levels in HPV 16 E6-expressing keratinocytes compared to normal cells. Given the implicated role of p53 in the mitotic spindle checkpoint it was possible that reduced levels of p53 may also be responsible for the observed premature chromosome segregation in HPV 16 E6 expressing cells.
Mitotic abnormalities in 16E6 mutants
To further analyse the role of HPV 16 E6 in inducing premature chromosome segregation, a series of type 16 E6 mutants was assayed for the presence of metaphases with lagging chromosomes as well as multipolar metaphases. Wild type HPV 16 E6 targets p53 tumor suppressor protein for degradation, however, the type 16 E6 mutants 8S9A10T, D9 -13 and D123 -127 all fail to target p53 (Foster et al., 1994) . Interestingly, although p53 is present in 8S9A10T-expressing keratinocytes, 26% of metaphases still display lagging chromosomes ( Figure 5 ). In contrast, only 3% of metaphases in D9 -13 or D123 -127 cells have lagging chromosomes. HPV 16 E6 mutants D118 -122 and D146 -151 are both able to target p53 for degradation. Although 42% of metaphases in D146 -151-expressing cells show lagging chromosomes, only 8% of cells expressing D118 -122 display mitotic abnormalities, the majority being multipolar metaphases.
The occurrence of multipolar metaphases in HPV 16 E6-expressing cells seems directly correlated to a lack of p53. All of the E6 mutants tested that are unable to target p53 for degradation show a decrease in the percentage of multipolar metaphases compared to wildtype 16 E6. In contrast, premature chromosome segregation occurs in keratinocytes in which p53 is degraded as well as in cells in which p53 is present, suggesting the possibility that this type of mitotic abnormality is not due to p53 deficiency.
Genomic instability in HPV 16E6, 16E7, and 16E6/E7 expressing cells Cells expressing both HPV 16 E6 and 16 E7 show abnormal metaphases due to either chromosome amplification or lagging chromosomes. Both types of abnormalities have been associated with genomic instability (Pihan and Doxsey, 1999) . To determine the contribution of centrosome overamplification and premature chromosome segregation to genomic changes in HPV 16E6 and/or HPV 16E7 expressing cells over time, chromosome copy number of chromosome 11 and 20 were counted by interphase FISH (fluorescence in situ hybridization) at subsequent passages. In addition, changes in ploidy of these cells were assayed by flow cytometry.
At passage 10, 80% of control cells contain the expected two copies each of chromosome 11 and 20, while the remaining 20% appear to contain four copies of both chromosome 11 and 20 ( Figure 6 ). The existence of a small tetraploid population in normal keratinocytes as well as vector-only controls was confirmed by flow cytometry. At this passage the population of trisomic control cells, or control cells Figure 5 Quantitation of mitotic abnormalities in keratinocytes expressing 16E6 mutants. Human keratinocytes were infected with retroviral constructs expressing mutated HPV-16 E6 proteins. Cells were fixed and stained with DAPI, and analysed using an inverted fluorescence microscope. Immunoblot analysis shows the presence of p53 protein for each of the mutants with more than four copies of chromosome 11 was small (1.8% and 1.2% respectively, Figure 6a) . Similarly, 2.2% of control cells carried three copies of chromosome 20, and 0.6% carried more than four copies of chromosome 20 (Figure 6b ). In contrast, a significant population of cells expressing HPV 16E6/E7 was trisomic cells for either chromosome 11 (7.1%) or chromosome 20 (10.8%). A significant proportion of 16E6/E7 expressing cells contained more than four copies of chromosome 20 (4.8%). Keratinocytes expressing HPV 16E7 displayed a significant increase in cells carrying four copies of chromosome 11 (27.3%) or chromosome 20 (23.4%), a 1.7-fold increase. In addition, a significant population of E7 expressing cells contain more than four copies of either chromosome 11 or 20 (9.3% and 12.5% respectively).
Cell lines expressing HPV 16E6, 16E7, or 16E6/E7 were passaged continuously and analysed for additional changes in ploidy and chromosome copy number of chromosomes 11 and 20. Flow cytometry of three independent cell lines expressing both HPV 16E6 and E7 showed these cells remaining diploid between passages 20 -30. Interphase FISH using a probe for chromosome 11 confirms that 90% of nuclei contained two copies of chromosome 11 (Figure 7) . However, only 20 -40% of nuclei contained two copies of chromosome 20, while the remaining nuclei contained three or more copies of chromosome 20 (Figure 8a ).
Two independent cell lines expressing HPV 16 E7 contained 2N, 4N as well as an 8N cell populations precrisis at passage 20 (Figures 7 and 8b ). These observations were confirmed by interphase FISH using a probe for chromosome 11 (Figure 7 ): 35% of nuclei were diploid for chromosome 11, 50% of all nuclei were found to be tetrasomic, and 12% of all nuclei were found to contain eight or more copies of this chromosome. In contrast, only 7% of all nuclei contained two copies of chromosome 20. On average, 25% of cells carried three copies of chromosome 20, compared to 4% of cells carrying three copies of chromosome 11. Over 50% of nuclei contained more than four copies of chromosome 20, compared to 12% of nuclei containing more than four copies of chromosome 11 (Figure 8) . Interestingly, two independent cell lines of 16 E6 expressing keratinocytes were found to have both become tetraploid by passage 50 (Figure 7) . In addition, a modest gain of chromosome 20 relative to chromosome 11 was observed when the cells reached passage 50: 15.7% of all nuclei contained more than four copies of chromosome 20 compared to 8.3% of nuclei with more than four copies of chromosome 11.
Interphase FISH in combination with flow cytometry allows analysis of both the change in ploidy during continuous passaging as well as gain of individual chromosomes. Gain of copy number of chromosome 11 in keratinocytes expressing 16 E7 correlates well with the ploidy of the cells, as shown in Figure 7 . Gain of chromosome 20 occurs both in cells expressing 16 E7 or 16 E6/E7, but does not appear to be correlated with the ploidy of the cells. In summary, keratinocytes expressing HPV 16 E7 show significant genomic instability, as early as passage 10. At later passages these cell lines contain tetraploid and octaploid cell populations. In contrast, cells expressing both 16E6 and 16E7 remain mostly diploid, but do show a significant gain of chromosome 20. Finally, keratinocytes expressing HPV 16 E6 become tetraploid but gain of chromosome 20 occurs at a much slower rate compared to cells expressing both 16 E6 and E7.
Discussion
Previous studies have described metaphases with lagging chromosomes in cervical intraepithelial neoplasia (CIN) and cervical carcinoma (Therman et al., 1984) . A greater severity of CIN coincides with increased proliferation and increased numbers of mitosis with lagging chromosomes. In addition, it was shown that HPV-16 associated lesions have a higher proportion of mitotic figures with lagging chromosomes than HPV-18 or HPV-31 associated lesions . These data suggested that the oncogenic potential of HPV types may be determined by the extent of chromosomal lag during mitosis. The in vivo observations were reproduced using an in vitro model system: expression of HPV 16 E6 in human Figure 6 Quantitation of chromosome copy number of chromosomes 11 (a) and 20 (b) at passage 10 in keratinocytes expressing HPV 16E6, 16E7 or both 16E6 and 16E7. A minimum of 500 cells for each cell line was examined for chromosome copy number of chromosomes 11 and 20 by interphase FISH keratinocytes induces a high proportion of mitosis with lagging chromosomes (Figure 1) .
The ability of HPV 16 E6 to target the tumor suppressor protein p53 for degradation, as well as the activation of telomerase, is clearly correlated with the immortalization of human mammary epithelial cells (HMEC). However, some 16 E6 mutants (8S9A10T, F2V, and Y54H) are unable to target p53 for degradation but retain their ability to immortalize HMECs (Foster et al., 1994) . Here it is shown that one of these mutants, 8S9A10T, is still able to induce mitotic metaphases with lagging chromosomes, suggesting this failure of the mitotic spindle checkpoint is not the result of p53 deficiency. This could be taken as prima facie evidence for an effect on the checkpoint that is mediated by an other factor(s) in the p53 pathway with which E6 interacts, e.g. hDLG, CBP/ p300 etc.
The mitotic spindle checkpoint is activated by kinetochores that remain unattached to the spindle and delays the cell cycle at metaphase until all chromosomes have established a bipolar attachment. Components of this checkpoint, such as the BUB and MAD proteins, assemble on the unattached kinetochores and are released following spindle attachment (reviewed in Skibbens and Hieter, 1998) . Disruption of Bub3 in mice resulted in mitotic abnormalities including lagging chromosomes (Kalitsis et al., 2000) . Microinjection of MAD2 antibodies into mammalian cells induced premature anaphase (Gorbsky et al., 1998) , while deletion of one MAD2 allele results in premature anaphase and chromosome instability in both human cancer cells and murine primary embryonic fibroblasts (Michel et al., 2001) . Interestingly, the HTLV-I TAX viral oncoprotein has been found to target the mitotic checkpoint protein MAD1 (Jin et al., 1998) , raising the possibility that mitotic spindle checkpoint proteins may be targeted by other viral oncogenes as well. Further studies are necessary to determine the molecular mechanism by which HPV 16 E6 is able to interfere with the mitotic spindle checkpoint. The pleiotropic effects of the E6 gene, which include degradation of p53 and induction of telomerase, are key players in the chromosomal and genetic instability of human papillomavirus infected cells. There is an extensive list of cellular proteins which are targeted by the E6 gene products of the 'high-risk' HPVs (Mantovani and Banks, 2001 ) and further studies should identify functions of some of these targets which contribute to the aspects of genetic instability described in this study. The demonstration that expression of E6 results in premature chromosome segregation is a further contribution to a model in which the 'high risk' HPV E6/E7 oncogenes, by interacting with cellular checkpoints and establishing abnormal chromosome complements, set the stage for further genetic changes on the pathway to malignancy.
Materials and methods
Cell culture and retroviral infections
Normal human keratinocytes were prepared from human foreskin samples and infected with amphotropic retroviruses as described previously (Halbert et al., 1992) . The retroviral vector LXSN contained either HPV-6 E6, HPV-16 E6, HPV-16 E7 or HPV-16E6/E7. Retroviral constructs expressing mutated HPV-16 E6 proteins have also been described before (Foster et al., 1994) . Infected cells were selected with G418 (1 mg/ml) for 7 -10 days. Keratinocytes were maintained in keratinocyte serum-free medium (Gibco). Expression of HPV 16E6 and 16E7 was confirmed by RT -PCR.
Immunofluorescence
For analysis of metaphases cells growing in tissue culture plates were fixed with AFA (400 ml 70% ethanol, 40 ml 37% formaldehyde, 20 ml glacial acetic acid), rinsed with PBS and stained with DAPI (2 mg/ml). Centrosomes were visualized by immunolabeling with a polyclonal antibody for g-tubulin (Sigma). Cells growing in tissue culture plates were fixed with methanol for 20 min at 7208C, rinsed in PBS and blocked for 1 h at room temperature with ADB (10% goatserum, 3% BSA, 0.1% Triton-X in PBS). Cells were incubated with gtubulin diluted 1 : 500 in ADB for 2 h at room temperature, followed by washes in PBS (365 min). Cells were incubated with an anti-rabbit TRITC labeled secondary antibody for 1 h at room temperature and counterstained with DAPI.
Interphase FISH
For interphase fluorescent in situ hybridization analysis, a Spectrum Green-labeled chromosome 11 a-satellite probe and a Spectrum Orange labeled 20q13 probe were used according to manufacturers protocol (Vysis). Slides were washed and counterstained with DAPI.
Flow cytometry
Cells were trypsinized from culture plates and washed in PBS. Following centrifugation, cell pellets were resuspended in ethanol and stored at 48C. Fixed cells were washed with PBS and incubated with 5 mg/ml RNaseA in 0.5 ml PBS for 15 min at 378C. For nucleus staining, 0.5 ml 100 mg/ml propidium iodide was added. Cells were then passed through a 22 GA needle 10 times. Stained nuclei were analysed using a FACScan (Becton Dickinson) with Cell Quest software.
Western blot
Twenty mg protein from whole-cell extracts was separated by SDS -PAGE and blots were prepared on Immobilon-P membrane (Millipore). Blots were then probed with an antibody for p53 (Oncogene) followed by horseradishperoxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch) and visualized using the chemiluminescence system (Renaissance; Du Pont NEN). 
